Context. The recently completed re-reduction of the Hipparcos data by van Leeuwen (2007a) makes it possible to search for the astrometric signatures of planets and brown dwarfs known from radial velocity surveys in the improved Hipparcos intermediate astrometric data. Aims. Our aim is to put more significant constraints on the orbital parameters which cannot be derived from radial velocities alone, i.e. the inclination and the longitude of the ascending node, than was possible before. The determination of the inclination in particular allows to calculate an unambiguous companion mass, rather than the lower mass limit which can be obtained from radial velocity measurements. Methods. We fitted the astrometric orbits of 310 substellar companions around 258 stars, which were all discovered via the radial velocity method, to the Hipparcos intermediate astrometric data provided by van Leeuwen. Results. Even though the astrometric signatures of the companions cannot be detected in most cases, the Hipparcos data still provide lower limits on the inclination for all but 67 of the investigated companions, which translates into upper limits on the masses of the unseen companions. For nine companions the derived upper mass limit lies in the planetary and for 75 companions in the brown dwarf mass regime, proving the substellar nature of those objects. Two of those objects have minimum masses also in the brown dwarf regime and are thus proven to be brown dwarfs. . Of the others, many are either brown dwarfs or very low mass stars. For ǫ Eri, we derive a solution which is very similar to the one obtained using Hubble Space Telescope data.
Introduction
Most of the around 400 planets and planet candidates known so far 1 have been detected with the radial velocity method. As is very well known, only five of the seven orbital parameters which characterize a binary orbit can be derived from radial velocity observations (period, periastron time, eccentricity, longitude of periastron and either the mass function, the radial velocity semiamplitude, the semi-major axis of the companion orbit or the semi-major axis of the primary orbit times the sine of the inclination). The remaining two orbital parameters, inclination and longitude of the ascending node 2 , are related to the orientation of the orbit in space and cannot be derived from radial velocities alone. Unfortunately, this means that the true companion mass is usually not known for planets detected via radial velocities; the only quantity which can be derived is a lower limit for the companion mass, which is the true companion mass times the sine of the inclination. Strictly speaking, all substellar companions detected via the radial velocity technique would thus have to be ⋆ Based on observations collected by the Hipparcos satellite 1 see http://www.exoplanets.org/ 2 In the following, we denote this orbital element with 'ascending node', short for 'longitude of the ascending node' called planet or brown dwarf candidates since their true mass is not known.
In order to establish substellar companion masses, a complementary technique is required which is sensitive to the inclination. For companions with inclinations close to 90
• , transit photometry can provide the inclination and thus, among other information, an accurate companion mass. For most systems however this is not the case, and astrometry is the method of choice. Astrometry provides both missing parameters, the inclination and the ascending node, so that the orbits are fully characterized. In principle, all orbital parameters can be derived from astrometric measurements, but since with current techniques the radial velocity parameters are usually more precise, another option is to derive only the two missing orbital parameters from the astrometry.
The astrometric signatures of planetary companions are rather small compared to the astrometric accuracies which are currently achievable. The astrometric signature α max can be calculated if the radial velocity semi-amplitude K 1 , the period P, the eccentricity e, the inclination i and the parallax ̟ are known (see e.g. Heintz 1978 or any other book on double stars):
α max corresponds to the semi-major axis of the true orbit of the photocenter around the center of mass. This is however in general not the astrometric signature which is observable from Earth in the case of eccentric orbits, due to projection effects. In the worst case, the semi-major axis of the projected orbit corresponds to the semi-minor axis of the true orbit only, while the semi-minor axis of the projected orbit could be identical to zero, so that no astrometric signal can be observed along that direction. The astrometric signature α which is actually observable from Earth can be calculated with the formulae for ellipse projection given in Appendix A. If the inclination is unknown, as is the case when the orbit is derived from radial velocities alone, Eq. 1 provides a lower limit for the astrometric signature by setting sin i = 1 and multiplying with 1−e 2 (converting the semi-major into the semi-minor axis):
We note that a more stringent lower limit on the observable astrometric signature could be obtained if the longitude of the periastron is taken into account; the above lower limit for the astrometric signature corresponds to the case where the longitude of the periastron is ±90
• . Instead of the semi-amplitude K 1 , one could also use the mass function or the semi-major axis of the primary orbit, multiplied by sin i, as an alternative orbital element to express the unique relation between astrometric signature and various orbital elements.
Equation 1 shows that we can always derive an upper mass limit for the companion based on astrometry if the companion mass times the sine of the inclination, m 2 · sin i, is known from radial velocities. The astrometry provides an upper limit on the astrometric signature of the companion, which translates into a lower limit on the inclination (Eq. 1). In combination with the minimum companion mass m 2 · sin i, the lower limit on the inclination translates into an upper limit of the companion mass m 2 .
For example, the astrometric signature of a companion with a mass of 1 M Jup and a period of five years orbiting around a solarmass star located at a distance of 10 pc amounts to 0.28 mas, not taking projection effects into account. Although this value is rather small, several astrometric detections of substellar companions have been reported in the past, mostly for systems with rather long periods and relatively massive companions around nearby stars, which all help to increase the astrometric signal.
Based on the Hipparcos data, Perryman et al. (1996) derived upper mass limits of 22 M Jup for the substellar companion to 47 UMa and of 65 M Jup for the companion to 70 Vir, with 90% confidence. This confirmed for the first time the substellar nature of these newly detected companions. For 51 Peg with its period of only a few days no useful upper mass limit could be established based on Hipparcos data. Mazeh et al. (1999) and Zucker & Mazeh (2000) followed that same approach to derive masses or upper mass limits for the companions to υ And and HD 10697, respectively. For the outermost companion in the υ And system, Mazeh et al. (1999) derived a mass of 10.1 +4.7 −4.6 M Jup at a confidence level of 68.3% and a mass of 10.1 +9.5 −6.0 M Jup at a confidence level of 95.4%. For the companion to HD 10697, Zucker & Mazeh (2000) obtained a mass of 38±13 M Jup , which implies that the companion is actually a brown dwarf and not a planet. These studies were extended to all the 47 planetary and 14 brown dwarf companion candidates known at the time in . For 14 planetary companions, the derived upper mass limits imply that the companions are of substellar nature, but for the others no useful upper mass limits could be derived. Similarly, even for the brown dwarfs the Hipparcos astrometry is in general not precise enough to derive tight upper limits or to establish the astrometric orbit. However, for six of the 14 brown dwarf candidates it turned out that the companion was stellar, and the astrometric orbit could be derived. This confirms the results of Halbwachs et al. (2000) , who examined the Hipparcos astrometry for eleven stars harboring brown dwarf candidates. Seven of those brown dwarf secondaries turned out to be of stellar mass, while only one of the studied companions is, with low confidence, a brown dwarf. For the other three candidates, no useful constraints could be derived. In a previous paper , we derived masses of 37 +36 −19 M Jup for the outer companion in the HD 38529 system, and of 34±12 M Jup for the outer companion in the HD 168443 system, based on Hipparcos astrometry. This established the brown dwarf nature of both objects. Most recently, Sozzetti & Desidera (2010) have followed that same approach to derive masses for the two brown dwarf candidates orbiting HD 131664 and HD 43848, respectively. With a mass of 23
+26
−5 M Jup , the companion to HD 131664 is indeed a brown dwarf, while the companion to HD 43848 turned out to be stellar with a mass of 120
Using the Fine Guidance Sensors (FGS) of the Hubble Space Telescope (HST), an astrometric precision somewhat better than in the original Hipparcos Catalogue can be achieved. Single measurement accuracies of around 1 mas and parallaxes as accurate as about 0.2 mas have been determined , Benedict et al. 2009 ) with HST; the most accurate parallaxes in the original Hipparcos Catalogue are around 0.4 mas (for a few bright stars). An upper mass limit of about 30 M Jup , at a confidence level of 99.73%, was derived by McGrath et al. (2002) for the companion to 55 Cnc b, based on HST/FGS data. Benedict et al. (2002) reported the first astrometrically determined mass of an extrasolar planet. They determined the mass of the outermost planet orbiting GJ 876 as 1.89±0.34 M Jup , at 68.3% confidence, based also on HST/FGS data. For the companion to ǫ Eri, Benedict et al. (2006) obtained a mass of 1.55±0.24 M Jup , again at 68.3% confidence and based on HST/FGS data. For the planet candidate around HD 33636, Bean et al. (2007) derived a mass of 0.14±0.01 M ⊙ with the same method, implying that the companion is a low-mass star and not a planet or a brown dwarf.
Most recently, two brown dwarfs were confirmed with HST astrometry: HD 136118 b has a mass of 42 +11 −18 M Jup , and HD 38529 c has a mass of 17.6 ). In the υ And system, the inclinations of two companions could be measured, which not only allowed for the determination of their masses (13.98 • . This is the first such measurement and shows the potential of astrometry for the measurement of the 3-dimensional orbit geometry in multiple systems.
The median precision of positions and parallaxes in the original version of the Hipparcos Catalogue is just better than 1 mas, which is rather good, but still not good enough to detect those typical planetary companions which have been identified by radial-velocity surveys.
However, a new reduction of the raw Hipparcos data has been presented by van Leeuwen (2007a) . Through an improved attitude modeling, systematic errors which dominated the error budget for the brighter stars in particular were much reduced, by up to a factor of four compared to the original version of the catalog. The formal error on the most precise parallaxes in the original version of the Hipparcos Catalogue is around 0.4 mas, and around 0.1 mas in the new reduction presented by van Leeuwen (2007a) . The new reduction has been clearly shown to be superior to the old reduction of the data in van Leeuwen (2007b) . The smaller formal errors, in particular for the bright stars, greatly improve the prospect of finding astrometric signatures of planets and brown dwarfs in the data.
In this paper we take a new look at the Hipparcos intermediate astrometric data, based on the new reduction of the Hipparcos raw data by van Leeuwen (2007a) , for a large number of stars with planetary or brown dwarf candidates from radial velocity surveys. With the improved astrometric accuracy, it might be possible to detect a companion or place a tighter limit on its mass than was possible before.
The outline of this paper is as follows: in Section 2, we describe the various input data for our study, including the stellar sample with known planetary and brown dwarf companion candidates as well as the astrometric data from Hipparcos. In Section 3, we explain how we fitted astrometric orbits to the new Hipparcos intermediate astrometric data. Results are presented in Section 4 (upper mass limits for the companions to all examined stars) and in Section 5 (a few stars for which the astrometric orbit could be detected). We conclude the paper with notes on individual stars in Section 6 and a summary and discussion in Section 7. In the appendix, we show how to calculate the astrometric signature and orientation of the apparent orbit from the true orbit, taking projection effects into account.
Data

Stellar Sample
In an effort to be as exhaustive as possible, we put together a sample of all known planetary and brown dwarf companions to Hipparcos stars detected via radial velocities. We started with the list of planetary companions compiled by Butler et al. (2006a) . We added those stars with substellar companion candidates which were detected after 2006, as well as stars with brown dwarf companions which were not included in the list by Butler. We removed stars which were either not in the Hipparcos Catalogue or for which no orbital elements were available, and we updated the orbital elements for those stars for which new solutions were published in the meantime.
We calculated periastron times for a few stars for which those were not given in the original table, namely transiting planets with circular orbits 3 (HD 189733) and planetary systems with significant interaction between the companions (HD 82943, HD 202206 and GJ 876) . For the latter, only osculating elements can be given, and periastron times were calculated close to the epoch to which the elements referred. For all three stars this was about a decade later than the Hipparcos epoch of J1991.25, so that the orbital elements available might not be representative for the time at which the Hipparcos measurements occurred.
Furthermore, we assume that the longitude of periastron which is given for spectroscopically detected extrasolar planets 3 Formally, the periastron is not defined for companions in circular orbits, but one can extend the usual definition by setting the longitude of the periastron to 0
• , so that the periastron time will refer to the time when the observed stellar radial velocity curve reaches its maximum. For circular orbits, this occurs exactly a quarter of a period before (hypothetical) mid transit time.
is actually the one pertaining to the star, since this is the component observed (we verified this for a few examples). The longitude of periastron of the two components differ by 180
• ; the distinction is important for the combination with positional data.
Our final list comprises 258 stars with 310 substellar companions and is current as of April 2010. All stars which were examined are listed in Table1, along with one or more references to the orbital elements.
Hipparcos intermediate astrometric data
The new reduction of the Hipparcos Catalogue by van Leeuwen does not only include a new estimate of the standard five astrometric parameters (mean positions, proper motions and parallax) for every star, but also the improved individual measurements, the so-called intermediate astrometric data.
In contrast to the original solution, the given abscissa data are not averaged over all observations within an orbit in the van Leeuwen version. Rather, one abscissa residual is given per field transit, which increases the average number of individual abscissae available for an object. The noise level of the new abscissae is, after averaging, up to a factor of four smaller than before. The errors of the averaged abscissae (per epoch accuracies) in the new version of the Hipparcos Catalogue range from better than 0.7 mas for a few really bright stars up to around 10 mas for the faintest stars; most stars have abscissa errors between 1.5 and 5 mas (van Leeuwen 2007b) .
Everything else is very similar as before, although instead of the partial derivative of each abscissa residual with respect to the five standard astrometric parameters, the new version gives the instantaneous scan orientation and the parallax factor instead. But this is just a different parameterization of the same information; all relevant quantities can be derived from that, as explained in van Leeuwen (2007a) .
Orbit Fitting
Method
We have fitted astrometric orbits to the new Hipparcos abscissa residuals for all stars listed in Table 1 , simultaneously with corrections to the five standard astrometric parameters, via a standard least squares minimization technique. The only two orbital parameters fitted for were the inclination and the ascending node; all other five orbital parameters (period, periastron time, eccentricity, longitude of periastron and mass function) were kept fixed at the literature values found via fits to the radial velocity data of each star.
If the star had an orbital solution in the Hipparcos Catalogue with a period of the same order of magnitude as the spectroscopic one, we removed the astrometric signature of the orbit from the abscissa data using the astrometric orbital elements, and then fitted for the full orbit again using spectroscopic values as input. In other words, we did not fit for corrections to the orbit as applied in the Hipparcos Catalogue, but for the full orbit from scratch (this step is only necessary for the abscissa data provided by van Leeuwen (2007a) , since in the original Hipparcos Catalogue the abscissae always corresponded to a single star solution, even if an orbit was provided). This applies to three stars in our sample: HD 110833 (HIP 62145), ρ CrB (HIP 78459), and HD 217580 (HIP 113718). Likewise, we removed the acceleration terms from the Hipparcos abscissa values if the solution was a 7 or 9 parameter solution before fitting for the astrometric orbit. This applies to the following five stars: HD 43848 For stars with more than one substellar companion candidate, we did not fit for these multiple companions simultaneously, but individually. This should be a reasonable approach, since in the vast majority of the cases only one of the companions will dominate the astrometric signal of the system. This is especially true for systems detected via radial velocities, since for those all companions tend to have similar radial velocity signals (i.e. the more massive companions will be located further out). The astrometry would then be dominated by that massive outer companion, whereas less massive inner companions have a much smaller astrometric signal not detectable in the Hipparcos data.
We explicitly used all five spectroscopic orbital parameters in the fitting process and kept them fixed. The radial velocity signal is in all the cases much more significant than the astrometric signal, so that orbital parameters derived from the radial velocities should also be more precise and accurate than those derived from the astrometry. Other authors have chosen to disregard some of the spectroscopic orbital parameters, e.g. the radial velocity semi-amplitude (Mazeh et al. 1999) or the longitude of the periastron (Pourbaix & Jorissen 2000) and then later compared the astrometrically derived value to the original, spectroscopic one, as a consistency check. However, we prefer not to disregard any spectroscopic information in our astrometric fits, since this would likely compromise the accuracy of the orbital parameters which we are most interested in and not obtainable otherwise, the inclination and the ascending node.
Likewise, we did not take the approach of fitting for the semimajor axis of the astrometric orbit and only later linking this to the spectroscopic values via the parallax, but applied all those constraints simultaneously and implicitly in the fitting process, which is a more direct approach and should yield the highest accuracy in the inclination and ascending node. We note that the criterion by Pourbaix & Jorissen (2000) which is often used to link spectroscopic and astrometric quantities is not exactly correct, as no allowance is made for projection effects. As detailed in the appendix, the semi-major axis of the apparent orbit is possibly smaller than the semi-major axis of the true orbit, especially for eccentric orbits with small inclinations.
Also, we did not compare the χ 2 values of the standard solution (five parameters) and the one including the astrometric orbit (two additional orbital parameters) in an F test, as was done by Pourbaix & Jorissen (2000) to decide whether the astrometric orbit was detected in the Hipparcos data. The reason is that we do not want to evaluate whether the standard model or the orbital model is the better one since we assume that the existence of a companion has been established already by the radial velocity data. The question we would like to ask here is how well the astrometric orbit can be constrained with the Hipparcos abscissa data, and the most suitable criterion for this kind of question is the joint confidence region allowed for the two orbital parameters. A small confidence region, compared to the total allowed parameter range, indicates a detection of the orbit, whereas a 4 http://vizier.u-strasbg.fr/viz-bin/VizieR large confidence region would indicate no real detection. In order to be conservative, we mostly use 3σ confidence regions, corresponding to a probability of 99.73% that the true value falls within this parameter interval.
In principle it would also be possible to fit for all orbital elements simultaneously using radial velocities as well as astrometry. have developed an efficient algorithm which can fit several orbital companions to astrometric and radial velocity data jointly. Inclination and ascending node will always be derived from the astrometric data alone, since radial velocities are not sensitive to those parameters. The advantage of jointly fitting both kinds of data are better constraints on the five spectroscopic orbital parameters which now come from the two different data sets, as well as explicit covariances between all orbital parameters. However, since in virtually all the cases investigated here the companion signature is much more significantly detected in radial velocities than in astrometry (if at all), the weighting of the astrometric data in the combined fit would be much lower than that of the radial velocity data, and in the end the astrometry would not influence the values of the spectroscopic parameters. Therefore no attempt has been made here to combine precise radial velocities with Hipparcos astrometry. This situation should change once more accurate astrometry becomes available.
ǫ Eri
An example for such an orbital fit is given in Fig. 1 for the case of ǫ Eri. The panels in the top row illustrate the 1-dimensional Hipparcos abscissa residuals (colored dots) in a 2-dimensional plot of the sky. The lines running through the colored dots indicate the direction which was not measured; the dots (measurements) are thus allowed to slide on that line. The actual measurement is perpendicular to the indicated line. The upper left panel shows the abscissa residuals with respect to the standard solution as given in the catalog, i.e. after fitting for the five standard astrometric parameters, while the panel on the upper right shows the abscissa residuals for the case where the orbiting companion has been taken into account. Thus, in the left panel the abscissa residuals are referred to the mean position of the star at (0,0) in that diagram, while in the right panel the abscissa residuals refer to the corresponding points on the orbit which are indicated by small black dots. The solid line illustrates the astrometric orbit of the primary star as seen on the sky. The color indicates orbital phase; an abscissa residual of a given color refers to the point on the orbit with the same color. The time when a measurement was taken is an additional constraint in the fit, and the color coding is an attempt to visualize that additional constraint.
Alternatively, the two panels in the bottom row each show one dimension only as a function of time. The solid lines indicate the same orbit as in the panels in the top row. The smaller grey points indicate the individual abscissa residuals (for the case where the orbital model has been taken into account as in the upper right panel), while the bigger black dots show the mean of all abscissa residuals taken very closely together in time. This is for illustration purposes only; the fit was done using the individual, not the averaged abscissa residuals. When looking at the two panels in the bottom row please note that again not all constraints could be visualized at the same time; in these illustrations the information about the orientation of the abscissae is lost. The measurements as indicated in right ascension and declination are not static; due to the one-dimensional nature of the abscissa residuals the values plotted in the lower panels can change in the adjustment process. One important complication which affects some of our orbital fits is immediately apparent: the Hipparcos measurements do not cover the full orbital phase range, but less than half of that for the 6.9 year period of ǫ Eri b. We will come back to that point when we discuss the ǫ Eri system in more detail in Section 6.
Verification
For verification purposes, we attempted to reproduce the inclinations and ascending nodes of spectroscopic binaries included in the Hipparcos Catalogue. There are 235 spectroscopic binaries for which an orbit is listed in the original Hipparcos Catalogue, and for 194 of those, the inclination and ascending node are actually obtained from a fit to the Hipparcos data (and not taken from some other reference). For those 194 stars we tried to reproduce the fitted inclinations and ascending nodes, using all other orbital elements as fixed input values (even if they were fitted for in Hipparcos), so that our approach resembles most closely the one which we are following with substellar companions detected with the radial velocity method. We used the original version of the Hipparcos Catalogue from 1997, because here the intermediate astrometric data correspond to the single star solution and because the orbital parameters are available electronically, which both helps in the fitting process.
We derived inclinations and ascending nodes with errors for all 194 systems and compared these values to the ones listed in the original Hipparcos Catalogue. In 78% of the cases, the two solutions agreed to within 0.3 σ, and in 97% of the cases to within 1 σ (although we note that the errors on the two angles can sometimes become rather large). Still, we consider this a very satisfactory result, and are thus confident that our method works correctly.
Upper Mass Limits for Planets and Brown Dwarfs
While radial velocities provide m 2 sin i (where m 2 is the companion mass and i is the inclination), a lower limit for the companion mass, astrometry can provide an upper mass limit for the companion. This is true even for stars where the astrometric signal of the companion is too small to be detectable, since inclinations approaching 0
• or 180
• (face-on orbits) would yield companions which are so massive at some point that they would show up in the astrometry. As the inclination of the orbit approaches a face-on configuration, there is always a limit at which the inclination is not compatible any more with the radial velocities and the astrometry. This means that even for companions which are not detected in the astrometry, there is usually still a (possibly weak) constraint on the inclination and thus on the mass of the companion.
In order to derive upper mass limits, we fitted astrometric orbits to the Hipparcos data for all stars on our list. The results are given in Table 1 . The first two columns give the usual designation and the Hipparcos number, respectively. The following column indicates if more information on a particular star can be found in Section 6. The reference column gives a numerical code to the reference from which the spectroscopic orbital elements were taken; the code is explained at the end of the table. The period column gives the period in days according to the reference in the previous column; it is always derived from radial velocities. The following column gives the minimum mass m 2 sin i which corresponds to the orbital elements from the given reference; the star mass used in the conversion is also taken from the same reference. The last four columns give the result of our astrometric orbit fitting. The first three of those give the minimum and the maximum inclination corresponding to the 3σ confidence interval, i min and i max , and the resulting 3σ upper mass limit for the companion. In a few cases, an inclination of 90
• could be excluded in the fitting. If this is the case, a new, more stringent lower mass limit could be derived, too, which is denoted as m 2,min and given in the last column, if applicable. In some cases, especially when an inclination of 90
• is not part of the inclination confidence region, there are two minima in the χ 2 map, and the confidence region for the second minimum is given in a second line for that star. The table is sorted according to Hipparcos number (or right ascension, respectively).
For nine companions, the derived upper mass limit lies in the planetary mass regime, and thus unambiguously proves for the first time for most of them that these companions are really of planetary mass and not just planet candidates. For a further 75 companions the derived upper mass limit lies in the brown dwarf mass regime and thus confirms at least the substellar nature of these companions. Two of those (HD 137510 b and HD 168443 c) have minimum masses also in the brown dwarf mass regime. These companions are established brown dwarfs now instead of just brown dwarf candidates. HD 168443 c was already confirmed to be a brown dwarf based on the original Hipparcos astrometry; see Section 6.6. Fig. 2 illustrates the results for those 84 companions from Table1 for which the substellar nature could be established. It can be seen that for many companions the allowed mass range between the lower mass limit from radial velocities and the upper mass limit from astrometry is still rather large. However, for a few of the companions this range is reasonably small (see e.g. ǫ Eri b, υ And d or ι Dra b), and one might even speak of a determination of the real companion mass rather than just placing a lower and upper limit on the mass, although there is a continuous transition between the two. In Section 5 we will take a closer look at those systems for which one might actually speak of a detection of the astrometric orbit, rather than just a constraint on the inclination and thus the mass.
Limitations
For some stars the formally derived 3σ upper mass limit of the companion is larger than 5 M ⊙ , which is not useful anymore. In fact, for astrometric upper mass limits larger than about 0.1-0.5 M ⊙ there might be more useful upper mass limits based on photometry and/or spectroscopy. A stellar companion that massive would show up eventually in such data (see e.g. Kürster, Endl & Reffert 2008 ). It has not been attempted to derive those other upper mass limits here; the values given correspond to the limits set by astrometry, and only under the assumption that the companion does not contribute a significant fraction to the total flux in the Hipparcos passband. If the companion was bright enough to affect the photocenter of the system, our method would fail since we assume that the photocenter is identical to the primary component in the system, which we assume to be the Hipparcos star. If both components contribute significantly to the total flux, the observed orbit of the photocenter around the center of mass of the system depends on the difference between flux ratio and mass ratio of the two components. In order to model such a system, one would need to make additional assumptions about the components, which is beyond the scope of this paper.
Similarly, there are a number of stars for which the 3σ confidence interval in inclination extends from 0.1 to 179.9
• . This is often the case for components with very small minimum masses and/or very small periods derived from Doppler spectroscopy, for which the astrometric signal is very small even for small inclinations. For those systems the derivation of the confidence interval in inclination is sometimes complicated by the fact that the fitting process does not converge for all possible inclinations, as well as by the limited resolution of our χ 2 map in the interval between 0 and 0.1
• or 179.9
• and 180 • , respectively. Of course it would be possible to increase the resolution for those inclina- Table 1 for which the derived upper mass limit from Hipparcos corresponds to less than 85 M Jup , i.e. for all 84 stars for which the substellar nature could be confirmed by Hipparcos. The lower mass limit usually corresponds to the lower mass limit m 2 sin i from the radial velocity fit, except for the few cases where the astrometry yields a tighter lower mass limit by excluding the inclination of 90
• from the 3σ confidence region (HD 87883 b, HD 114783 b and γ Cep b). The upper mass limit always comes from the Hipparcos astrometry, according to Table 1. tion intervals (we already used higher resolution for the intervals from 0 to 1
• and from 179
• to 180
• than for the rest of the inclination range), but the results would not be very meaningful since the method is just not suited very well for companions with extremely small astrometric signatures. As a consequence, the derived upper mass limits for those companions are not as accurate as those which correspond to inclinations which are not as close to 0 or 180
• . For 67 companions no upper mass limit could be derived at all from the Hipparcos astrometry. The reason is either that the astrometric fits did not converge (in 5000 iterations, which we set as a limit) over large parts of the inclination and ascending node parameter space, or that the 3σ confidence limits in inclination are very close to 0
• , respectively, as mentioned above. In either case no meaningful confidence limits in inclination or upper mass limits could be derived. For those stars we list the whole inclination interval from 0
• as 3σ confidence limits, and the column giving the 3σ upper mass limit is left empty in Table 1 . 54 of the 67 companions without upper mass limits have periods smaller than 20 days, and 64 companions have periods smaller than 50 days and thus very small expected astrometric signatures.
Astrometric Orbits
For a few of the stars in Table 1 , not only upper mass limits could be derived, but also the astrometric orbit could be further constrained or fully determined. While for most companions a limit on the inclination could be derived (even if the lower limit is small), this is not necessarily true for the ascending node, the only other orbital element which is not determined by the radial velocity fit. This is due to the fact that an inclination approaching 0 degree will increase the size of the orbit, until eventually the orbit would not be compatible any more with the small scatter of the Hipparcos measurements. The ascending node however describes the orientation of the orbit in space. Thus usually no or very weak constraints can be placed on the ascending node if the orbit is not really detected. However, for 20 systems of Table 1 , at least a weak constraint on the ascending node could be derived, indicating a (possibly weak) detection of the astrometric orbit. In contrast to Section 4, we now use the confidence levels for two parameters (inclination and ascending node) simultaneously, since we are now interested in the orbit, i.e. we want to derive constraints on both orbital parameters at the same time. Again, we used the contours pertaining to a probability of 99.73% (3σ). This will always result in a less tight constraint on the inclination than given in Table 1 .
Those 20 systems with detected astrometric orbits are shown in Fig. 3 and listed in Table 2 . The table gives the best-fit inclinations and ascending nodes, along with the 3σ confidence limits. Note that the 3σ confidence limits (denoted as i min , i max and Ω min , Ω max , respectively) are now confidence regions in two parameters, inclination and ascending node, as opposed to Table 1 , where confidence limits in only one parameter (the inclination) were considered; the corresponding confidence regions in Table 2 are therefore slightly larger than those in Table 1 . Please also note that for some stars, two minima are visible in the χ 2 maps, often (but not always) with comparable local minimum χ 2 values. Those solutions correspond to orbits of about the same size (similar inclinations), but with ascending nodes which differ by about 180
• , so that the orbit has the opposite orientation. For those stars affected, we give in Table 2 the values pertinent to the second minimum in a second line for that star. Fig. 3 . Illustration of the χ 2 maps for those 20 stars for which the astrometric orbit could be detected in the Hipparcos data, as a function of inclination and ascending node. The contours show the 1σ, 2σ and 3σ confidence regions in both parameters jointly. Please note that for ρ CrB b the allowed range in inclination is so small that it is barely visible in this representation; the corresponding data can be found in Table 2 . Table 2 . Best fit inclinations, ascending nodes and companion masses for stars where the astrometric orbit could be detected. i min , i max , and Ω min , Ω max correspond to the limits of the 3σ confidence region in both parameters jointly. The second row for a star refers to a second local minimum where present. The following columns give the reduced χ 2 value of the fit, the number of individual Hipparcos abscissae available for that star, n obs , and, for reference, the astrometric signature α for the fit. Finally, the last four columns give the minimum mass m 2 sin i, derived from radial velocities, and the actual mass of the companion m 2 derived here, with 3σ confidence regions (m 2,min and m 2,max ). If the value in the column indicating the lower limit of the 3σ confidence region in mass is not given, this means that an inclination of 90
• cannot be excluded and thus that the lower mass limit derived from radial velocities applies. limit in the ascending node, continuing at 0 • , we list the higher value as Ωmin and the lower one as Ωmax in order to indicate the correct orientation of the confidence region. The following three columns give the reduced χ 2 values, the number n obs of individual 1-dim Hipparcos measurements (abscissae, or field transits) available for that star, and, for reference, the astrometric signature α for the fit.
The last four columns of Table 2 give the resulting masses for the astrometric solution. The minimum mass m 2 sin i derived from the radial velocities is listed in the first of the four mass columns. This is also the minimum mass for any of the astrometric solutions, so it is given here for reference. It would correspond to an inclination of 90
• . The next mass column labeled m 2 gives the mass which corresponds to the best fit inclination. There is only one best fit mass for each system, so the second line is empty even if there are two minima. The next to last column, labeled m 2,min , gives the lower limit for the 3σ confidence region in mass. If the inclination value of 90
• is part of the 3σ confidence region (see also Fig. 3 or the columns i min and i max ), then this value corresponds exactly to the minimum secondary mass derived from radial velocities. In order to indicate that this is the case, no mass is given here if appropriate. It can be seen that for twelve systems an inclination of 90
• can be excluded with 99.73% confidence; for all others, the minimum secondary mass derived from radial velocities, m 2 sin i, is within the 3σ mass confidence region and thus also the lower limit for the confidence region of the mass.
Some orbits are rather well determined, even if using the conservative 99.73% confidence regions. The inclinations of BD -04 782 b, ρ CrB b and HD 169822 b could be determined to better than 5
• , while the inclinations of HD 110833 b and HD 112758 b could be determined to better than 10
• . For those systems, the ascending node is also rather well constrained. HD 168443 b could be confirmed as brown dwarf, even if taking the conservative 3σ confidence levels into account. ι Dra b is most likely a high-mass planet, while HD 106252 b and γ Cep b are most likely brown dwarfs. The companions for which the in- clination could be determined to better than 5
• are all low-mass stars.
Altogether, using the best fit masses, we find two planets (HD 87883 b and ι Dra b), eight brown dwarfs and ten stars among our 20 systems with astrometric orbits. Note that this is by no means representative for our whole sample listed in Table 1 , since it is much more likely to find the astrometric signature of a star or a brown dwarf than the tiny signature of a planet in the Hipparcos data.
For completeness, we also list the corrections to the five standard astrometric parameters (mean positions at the Hipparcos epoch of J1991.25, parallax and proper motions) in the new Hipparcos Catalogue and the new resulting values for these in Table 3 . These astrometric parameters were fitted simultaneously with the orbital parameters, and the changes are a direct consequence of the new fitting model which now includes the astrometric orbit. As usual, α⋆ denotes a value where the cos δ has been factored in already. Note that the positional corrections are given in milli-arcseconds, whereas the coordinates themselves are given in radians, just like in the Hipparcos Catalogue by van Leeuwen (2007a) . The corrections to the astrometric parameters are usually rather small, typically of the order or smaller than 1 mas or 1 mas·yr −1 , respectively.
Notes on individual stars
ǫ Eri (HIP 16537)
The presence of a planet orbiting ǫ Eri (HIP 16537, V=3.7 mag) had long been suspected (Walker et al. 1995) . In 2000, Hatzes et al. (2000) finally announced the secure detection of ǫ Eri b, combining a variety of radial velocity data sets taken by different groups. It orbits its star in about 6.9 years, and has a minimum mass of m sin i = 0.86 M Jup . Because of its small distance from the Sun (3.2 pc) the expected minimum astrometric signature amounts to 1.9 mas. Using Hubble Space Telescope (HST) data in combination with data from the Multichannel Astrometric Photometer (MAP) as well as radial velocities, Benedict et al. (2006) fit for the astrometric orbit of ǫ Eri due to ǫ Eri b. They derive an inclination of 30.
• 1±3.
• 8 and an ascending node of 74 • ±7
• , yielding a mass for the companion of 1.55±0.24 M Jup . This is in excellent agreement with the astrometric fit to the Hipparcos data derived in this paper. Our best fit values are an inclination of 23
• and an ascending node of 282 • , with 1σ errors of the order of 20
• and a lower limit for the inclination of 15
• (1σ) and 8.
• 8 (3σ), respectively. We obtain a companion mass of 2.4 ± 1.1 M Jup , slightly larger than the HST value. A second minimum is found at an inclination of 158
• and an ascending node of 53
• , which is very similar to the original orbit except that ascending and descending nodes are exchanged. We do not consider the orbit detected in the Hipparcos data according to our criterion chosen in Section 5, because the 3σ confidence region in inclination and ascending node jointly encompasses the whole parameter range for the ascending node, and rather count ǫ Eri among the stars with derived upper mass limits, but not with detected orbital signatures.
We have used the robust radial velocity fit from Hatzes et al. (2000) as an input for our astrometric fit to the Hipparcos intermediate astrometric data. Formally the fit from Benedict et al. (2006) would have been the most precise one, but we preferred input parameters that came from a spectroscopic fit only instead of one which already was based on combined spectroscopy and HST astrometry. The slight differences which we find in companion masses are thus partly due to the use of different input data.
As mentioned already the phase coverage of the astrometric data is not complete. This applies to both the HST/FGS as well as the Hipparcos data; the HST/FGS data cover 2.9 years, while the Hipparcos data cover 2.5 years. This is to be compared with the orbital period of 6.9 years. Unfortunately, neither of the two astrometric data sets covers the phase of the orbit where the motion in right ascension is reversed, which would be very helpful to distinguish between orbital curvature and linear proper motion.
It is not straightforward to combine the Hipparcos data with the HST/FGS data from Benedict et al. (2006) , since the reference points for the astrometry are different. In modeling the Hipparcos data, we have to simultaneously fit for orbital as well as astrometric parameters (mean absolute positions at the Hipparcos epoch of J1991.25, absolute proper motions and absolute parallax). In contrast to that, the HST/FGS astrometry is relative to a frame of standard stars, although the relative parallax has been converted into an absolute one by determining the parallaxes of the reference frame stars. In addition, the approach followed by Benedict et al. (2006) was to derive proper motions and parallaxes from measurements over a much larger time interval than their HST/FGS observations by including observations from the Multichannel Astrometric Photometer (MAP).
If the Hipparcos and the HST/FGS data were to be combined, one would have to homogenize the astrometric parameters (positions, proper motions, parallaxes) and fit for additional zeropoint offsets between the two datasets. However, since the zeropoint of the HST/FGS proper motions is unknown, it is not possible to combine the two astrometric datasets in a rigorous way.
υ And (HIP 7513)
We derive rather tight constraints on the masses of the two outermost companions in the three planet system: an upper mass limit of 8.3 M Jup (99.73% confidence) for υ And d, and an upper mass limit of 14.2 M Jup for υ And c; the minimum masses determined from radial velocities are 4.13 M Jup (υ And d) and 1.92 M Jup (υ And c), respectively. Our newly derived upper mass limits place a much tighter constraint on the planet masses than was done before by Mazeh et al. (1999) , who derived an upper mass limit of 19.6 M Jup at 95.4% confidence for υ And d, using the original version of the Hipparcos Catalogue.
Most recently, rather accurate masses for those two companions in the υ And system were measured from HST astrometry • 868 ± 1.
• 003 for υ And d and 23.
• 758 ± 1.
• 316 for υ And c). These results agree well with each other, although our upper mass limits are both smaller than the measured HST masses.
Since υ And is rather bright (V=4.1 mag), the Hipparcos abscissae are not photon-noise dominated as for other stars, but are of comparable accuracy as the HST data. The single measurement precision is about 1 mas for both HST and Hipparcos. Hipparcos took data at 28 different epochs, covering 3.2 years, while the HST data refer to 13 different epochs, covering approximately 5 years. The precision per epoch is higher for HST, since more single measurements are averaged. Resulting parallaxes are rather precise for both HST and Hipparcos, with formal errors of 0.10 mas for the HST parallax and 0.19 mas for the Hipparcos parallax, respectively.
One should note further that our approach of fitting one companion candidate at a time to the astrometric data is not ideal in the υ And system, where the two outermost companions both contribute to the observed astrometric signal. However, it is unlikely that a combined fit of the two companions would lead to considerably higher upper mass limits; in general one would expect smaller astrometric signatures and thus smaller masses in a combined fit of the two companions as compared to a fit of both components separately. Thus our upper mass limits should hold even in the υ And system, although they might be too conservative.
47 UMa (HIP 53721) and 70 Vir (HIP 65721)
For the companion to 47 UMa, an upper mass limit of between 7 (best fit) and 22 M Jup (90% confidence level) was derived by Perryman et al. (1996) , using the same method as we employ here, but with the original version of the Hipparcos Catalogue (ESA 1997). The minimum companion mass from the RV solution is 2.45 M Jup . We derive a tighter constraint on the mass, with an upper mass limit of 9.1 M Jup at 99.73% confidence, which demonstrates that the companion is a planet. The best fit value for the mass is 3.0 M Jup , and the 1σ upper mass limit is 4.9 M Jup .
An upper mass limit of 38-65 M Jup was derived for the companion to 70 Vir by Perryman et al. (1996) , where 38 M Jup corresponds to the best fit, while 65 M Jup corresponds to a confidence level of 90%. We derive an upper mass limit of 45.5 M Jup , corresponding to a rather conservative confidence level of 99.73%. Our 1σ upper mass limit would be 26.8 M Jup , smaller than the best fit value of Perryman et al. (1996) .
For 51 Peg (HIP 113357), neither Perryman et al. (1996) nor we could derive a very meaningful result; the upper mass limit derived is around 0.5 M ⊙ in both investigations.
Overall, our results are thus fully consistent with the results derived by Perryman et al. (1996) . Our constraints on the mass are a bit tighter, just as expected for the improved Hipparcos data by van Leeuwen (2007a).
HD 33636 (HIP 24205)
Based on HST astrometry, Bean et al. (2007) find an inclination of 4.0±0.1
• and an ascending node of 125.
• 6±1.
• 6. This translates into a companion mass of 142±11 M Jup , making the companion a low-mass star. Our Hipparcos solution is similar to the solution by Bean et al. (2007) , although our inclination is slightly larger and thus our conclusion on the companion mass is slightly different.
We find a best-fit inclination of 11.
• 2 and an ascending node of 151.
• 7 from a fit to the Hipparcos data. The 1σ confidence region in inclination extends from 6.
• 2 to 39.
• 0 while the 3σ confidence region extends from 2.
• 9 to 176.
• 8. The corresponding upper mass limits are 90 M Jup (1σ) and 207 M Jup (3σ), respectively. The confidence region in the ascending node extends over the whole parameter range, so that we do not consider the astrometric orbit detected in the Hipparcos data. The Hipparcos data are less precise than the HST data for HD 33636. For comparison, the formal error on the parallax is 0.2 mas for the HST data, and 1.0 mas for the Hipparcos data.
Our 3σ lower limit on the inclination and upper limit on the mass is thus fully consistent with the conclusion of Bean et al. (2007) that the companion to HD 33636 is actually a low-mass star, although our solution would favor a brown dwarf companion.
However, one should note that the χ 2 value for our fit, as well as in the original Hipparcos data, is a little bit on the high side, indicating that the astrometric model applied might not be fully adequate.
HD 136118 (HIP 74948)
Martioli et al. (2010) derive a mass of 42
+11
−18 M Jup for the companion to HD 136118 based on HST astrometry, confirming it to be a brown dwarf. The best fit inclination and ascending node are 163.
• 0 and 285 • ±10
• , respectively. We do not detect the astrometric orbit, but derive an upper mass limit of 95 M Jup (3σ confidence limits), which also makes the companion most likely a brown dwarf (the minimum mass from radial velocities is about 12 M Jup ). Our best fit values for inclination and ascending node are 152
• and 294
• , respectively, which is in rather good agreement with the HST values. It seems that Hipparcos has actually weakly detected the astrometric signature, although it is below our conservative significance level to be called a detection.
HD 38529 (HIP 27253) and HD 168443 (HIP 89844)
Both systems harbor two companions, of which the outer ones are most likely brown dwarfs; the minimum mass from Doppler spectroscopy is about 13 M Jup for HD 38529 c and about 18 M Jup for HD 168443 c. We had fitted astrometric orbits to HD 38529 and HD 168443 using the original version of the Hipparcos intermediate astrometric data already in . According to our convention followed here to call an astrometric orbit detected if there is a constraint on the ascending node using 3σ confidence levels, the astrometric orbit of HD 38529 c was not detected in the original version of the Hipparcos data, whereas the astrometric orbit of HD 168443 c was detected. The same holds true for the analysis based on the new version of the Hipparcos data presented in this paper, although the details on the fitted angles and corresponding upper mass limits differ somewhat.
For HD 38529 c, the older best fit values were 160
•+7
• −23 • for the inclination and 52
•+24
• −23 • for the ascending node. Here we derive a best fit inclination of 44.
• 1 (1σ confidence region from 18.
• 6 to 161.
• 1) and a best fit ascending node of 54.
• 4. The ascending node is thus in perfect agreement, whereas the inclinations differ somewhat. The best fit mass was 37 +36 −19 M Jup based on the original Hipparcos data, and is now 18.8 +22.5 −5.7 M Jup . However, our new solution is in perfect agreement with the HST astrometry which has become available for HD 38529 c in the meantime : best values are 48.
• 3±3.
• 7 for the inclination and 38.
• 2±7.
• 7 for the ascending node, which implies a best fit mass of 17.6 • 8 (1σ confidence region from 27.
• 4 to 54.
• 9) and a best fit ascending node of 134.
• 3, with a second minimum at an inclination of 145.
• 4 and an ascending node of 230.
• 0 (in the original version, there was only one minimum in the χ 2 map). This implies a best fit mass of 30.3 +9.4 −12.2 M Jup , which compares favorably to the original value of 34±12 M Jup . The 3σ upper mass limit is about 65 M Jup , so that the companion is confirmed as a brown dwarf. This is also consistent with the analysis of , who derived an upper mass limit of about 80 M Jup using the original version of the Hipparcos data.
55 Cnc (HIP 43587) and GJ 876 (HIP 113020)
The HST/FGS limits for both stars are tighter than the ones which could be derived here from Hipparcos data. For 55 Cnc b, McGrath et al. (2002) derive an upper mass limit of 30 M Jup , whereas we derive 0.26 M ⊙ , both with 99.73% confidence. For 55 Cnc d, a preliminary analysis of HST data yields an inclination of 53
• ± 6.
• 8 (McArthur et al. 2004) . It is mentioned that in any case the inclination could not be smaller than 20
• , even if considering the fact that the HST data cover only a small part of the whole orbit. We do not find any evidence of an astrometric orbit for any of the currently known five companions to 55 Cnc. The minimum inclinations are between 0.
• 1 and 2.
• 8, which does not result in tight constraints on the masses.
One should note that while the original Hipparcos Catalogue solved HIP 43587 as a single star, the new version by van Leeuwen (2007a) adds accelerations in the proper motions to the astrometric fit, but even with those additional parameters the fit quality in the new Hipparcos Catalogue is very poor. It does not improve considerably when we fit an orbital model instead; the resulting reduced χ 2 value is among the highest found for all examined stars, and our solution should be treated with caution. In particular, it is not meaningful to derive confidence regions Reffert & Quirrenbach: Mass constraints on known substellar companions from the re-reduced Hipparcos data 13 when the underlying fitting model does not represent the data adequately.
For GJ 876 b, Benedict et al. (2002) obtain a mass of 1.89±0.34 M Jup . We do not detect the astrometric orbit but derive an upper mass limit of 76 M Jup , at 99.73% confidence.
ρ CrB (HIP 78459)
The astrometric signature of the substellar companion candidate around ρ CrB is formally detected, with a 3σ confidence region in inclination and ascending node which rejects a huge part of the available parameter space.
ρ CrB was solved as a double star with an orbital solution in both versions of the Hipparcos Catalogue, with a period of about 78 days and a photocenter motion of about 2.3 mas. However, the orbital fits are not very good. Interestingly, the period of ρ CrB b (39.8449 days, Noyes et al. 1997 ) is about half of the Hipparcos period, and it is noted by van Leeuwen (2007a) that in some cases a factor two ambiguity could be present in the Hipparcos periods. So it might very well be possible that the signature of the companion to ρ CrB (which is a low-mass star according to our new orbital fit) was actually detected even in the original version of the Hipparcos Catalogue! 6.9. HD 283750 (HIP 21482) and γ 1 Leo A (HIP 50583)
The astrometric fits for HD 283750 and γ 1 Leo A carry somewhat large χ 2 values, and are therefore to be treated with caution. HD 283750 is a spectroscopic binary with a 1.8 day period . Tokovinin et al. (2006) list a third component in the system which could be identified in the 2MASS catalog and which might be responsible for the larger than usual astrometric residuals. The two close components of HD 283750 have probably formed as a close stellar binary system, rather than as a primary star with a low-mass substellar companion forming in the disk. γ 1 Leo A is a binary with a separation of about 4.6 ′′ ; the primary is a K giant and the secondary is photometrically variable with a period of about 1.6 days according the notes in the Hipparcos Catalogue. Clearly, the astrometry could be affected by the double star nature. We detected the astrometric orbit of the companion of the primary, but we caution that the χ 2 value is unusually large. In the version of the Hipparcos Catalogue by van Leeuwen (2007a) , γ 1 Leo A is solved with a model including accelerations in the proper motions.
HD 43848 (HIP 29804)
The brown dwarf candidate HD 43848 b with a minimum mass of around 25 M Jup was discovered by Minniti et al. (2009) via Doppler spectroscopy. We detect the astrometric orbit, and derive a best fit inclination of 19.
• 6, corresponding to a mass of 75 M Jup , and a best fit ascending node of 30.
• 0. The upper mass limit from the joint 3σ confidence regions in inclination and ascending node is 131 M Jup . Sozzetti & Desidera (2010) have performed a very similar analysis, but arrived at a slightly different conclusion concerning the nature of the companion. They obtain a mass of 120 +167 −43 M Jup for HD 43848 b, with a best fit inclination of 12
• ± 7
• and a best fit ascending node of 288
• . This makes the companion most likely a low-mass star, in contrast to our analysis which makes it most likely a high-mass brown dwarf. Sozzetti & Desidera (2010) One might at first think that with a period of about 6.5 years, the Hipparcos data, extending over little more than three years, would not span a fraction of the orbit which is large enough to derive useful constraints on the astrometric orbit. However, due to the high eccentricity and the resulting fast motion of the components during periastron, a rather large part of the orbit is covered by the Hipparcos data; just a small fraction around apastron is not traced.
However, a complication arises from the large uncertainty in the period as determined from radial velocities, which amounts to 2.3 years and which is a sizable fraction of the period itself. Following the orbit back in time to the Hipparcos epoch, the orbital phase is completely uncertain. Our analysis does not take the uncertainties of the spectroscopic elements into account. This is a good approximation for most systems with smaller periods and a good observing record, but not for HD 43848 b. So if the spectroscopic elements change, so do the inclination, ascending node and mass derived here.
In Minniti et al. (2009) it is stated that HD 43848 has another low-mass stellar companion at a large projected separation, allegedly discovered by Eggenberger et al. (2007) . However, Eggenberger et al. (2007) found a companion with matching mass and projected separation not around HD 43848, but around HD 43834. Most likely, the companion cited in Minniti et al. (2009) is not real, but due to a mix up of HD identifiers.
HD 110833 (HIP 62145)
The brown dwarf candidate HD 110833 b, with a minimum mass of about 17 M Jup and a period of about 271 days, was discovered by Mayor et al. (1997) via Doppler spectroscopy. The Hipparcos intermediate astrometric data in their original version were already analyzed in terms of an orbiting companion by Halbwachs et al. (2000) , who concluded that the companion was actually a low-mass star with a mass of 0.137±0.011 M ⊙ . A similar conclusion was reached by , using the same Hipparcos data and spectroscopic parameters as Halbwachs et al. (2000) ; they derive a mass of 0.134±0.011 M ⊙ , in perfect agreement with the result of Halbwachs et al. (2000) . The best fit inclination in is 7.
• 76; Halbwachs et al. (2000) did not give inclination values.
Interestingly, an astrometric orbital fit for the HD 110833 system was already presented in the Hipparcos Catalogue itself, without the need for input of the spectroscopic parameters. Assuming a circular orbit (although the orbit is rather eccentric as derived from the Doppler data) all other orbital paramters were determined astrometrically. The derived period closely matches the spectroscopically determined period; the derived inclination is 48.
• 85±10.
• 20.
With the new version of the Hipparcos intermediate astrometric data, we also detect the astrometric signature of the companion. We obtain a best fit mass of 102 M Jup ; the 3σ confidence region for the mass extends from 62 to 141 M Jup , corresponding to inclinations between 7.
• 7 and 16.
• 8. This is compatible with the solutions based on the original version of the Hipparcos Catalogue and confirms that the companion is most likely a low-mass star. ′′ . The other component is HD 80607 (HIP 45983), with comparable spectral type and brightness as the primary. The Hipparcos data yielded individual solutions for both components, but they are both marked as 'duplicity induced variables', as also noted and discussed by Naef et al. (2001) . The astrometric solutions carry very large errors in both versions of the Hipparcos Catalogue, so that it is clear that before fitting for a planetary companion around one of the components the much larger signal of the stellar component must be subtracted.
83 Leo B is also a visual binary star; the other component is HIP 55846. The components are solved as double stars in both versions of the Hipparcos Catalogue, but the solution is ambiguous according to the notes, and the solutions are flagged as being uncertain. The χ 2 value in the original version is rather good, but 7% of the data had to be rejected. In contrast, the χ 2 value in the new version of the Hipparcos Catalogue is rather large, but only 1% of the data were rejected.
Similarly, HD 178911 B is also a visual binary star; the other component is HIP 94076. A large percentage of the data had to be rejected to obtain a satisfactory solution in the original version of the Hipparcos Catalogue. In the new version of the Hipparcos Catalogue, the fraction of rejected data is much smaller, at the expense of a rather large χ 2 value.
Summary and Discussion
We have modeled the astrometric orbits of 310 substellar companion candidates around 258 stars, which had all been previously detected with the radial velocity method, using the Hipparcos intermediate astrometric data based on the new reduction of the Hipparcos raw data by van Leeuwen (2007a) . We have obtained the following results:
(1) For all but 67 of the examined companions, we are able to derive an upper limit for the companion mass, even if the astrometric orbit is not detected in the data (see Table 1 ). Table 1 for those systems). Two of those (HD 137510 b and HD 168443 c) have minimum masses also in the brown dwarf mass regime, so that they are established brown dwarfs.
(4) Even if the astrometric orbit cannot be detected, rather good constraints on the mass can be derived for a few systems. One example is υ And d, for which the lower mass limit based on radial velocities is 4.13 M Jup , and the 3σ upper mass limit based on astrometry is 8. It is expected that the number of planetary companions detected astrometrically will increase dramatically in the future. The PRIMA instrument (Quirrenbach et al. 1998 , Delplancke 2008 will enable differential astrometry with an accuracy of 10-50 microarcseconds, so that it should be possible to derive precise parameters for many of the systems for which only upper mass limits could be derived here. Furthermore, it should enable astrometric discoveries of long-period planets around nearby stars which are not detectable with current radial velocity precision (see Launhardt et al. 2008) . The first astrometrically discovered brown dwarf was announced by Pravdo et al. (2005) and to our knowledge is so far still the only substellar object discovered astrometrically. Future space missions such as SIM Planetquest (Unwin et al. 2008 ) and GAIA (Casertano et al. 2008 ) will discover planets and brown dwarfs around nearby stars in large numbers and will dramatically add to our knowledge about extrasolar planets. Table 1 . Upper mass limits for substellar companion candidates detected via radial velocities. node Ω, and inclination i. The equation describes an ellipse if P and Q have the same sign and are not equal. If R does not equal zero the ellipse is rotated in the given coordinate system. If S or T do not equal zero the ellipse is offset from the zero point of the coordinate system. According to Smart (1930) A = a (cos ω cos Ω − sin ω sin Ω cos i) B = a (cos ω sin Ω + sin ω cos Ω cos i) (A.3) F = a (− sin ω cos Ω − cos ω sin Ω cos i) G = a (− sin ω sin Ω + cos ω cos Ω cos i) .
Note that our scaling factor is different from the one used by Smart (1930) , because it is convenient for our purposes if the absolute term in Eq. A.1 equals −1.
In order to determine the semi-major and semi-minor axes of the apparent orbit, we perform a principal axes transformation. We determine the eigenvalues λ 1 and λ 2 of the matrix M M = P R R Q , (A.4) which describes the binary quadratic form A.1, as λ 1 = 1/2 P + Q − (P − Q) 2 + 4R 2 (A.5) λ 2 = 1/2 P + Q + (P − Q) 2 + 4R 2 .
Inserting the eigenvalues into the characteristic equation, we obtain λ 1 x 2 + λ 2 y 2 = 1 , (A.6) which corresponds to Eq. A.1 in a rotated and shifted coordinate system. From Eq. A.6 we immediately determine the semi-major axis a app and the semi-minor axis b app of the apparent orbit as a app = 1/ λ 1 (A.7)
The astrometric signature α then directly corresponds to the semi-major axis of the apparent orbit, a app , converted to angular units with the help of the parallax ̟: (Delplancke 2008) . In the case of PRIMA the observing direction is given by the baseline orientation, which is flexible to a certain degree. Thus, it might be advantageous for scheduling purposes to know the direction where most of the astrometric signal can be expected, i.e. the orientation of the apparent orbit. The rotation which leads from Eq. A.1 to Eq. A.6 is characterized by the rotation angle ϕ, which can be obtained from tan 2ϕ = 2R/(P − Q) (A.9)
If the sign of R and P−Q is taken into account, this returns an angle ϕ in the range between 0 and 360 • corresponding to the position angle of the semi-major axis of the apparent orbit.
